Abstract. The thorns of Gleditsia sinensis have traditionally been used in the treatment of several diseases, which includes their use as anti-tumor agents, but there has been no scientific evidence of this anti-tumor effect. However, the present study has identified a novel mechanism for the anti-tumor effect of Gleditsia sinensis thorns in the treatment of colon cancer. Treatment with the ethanol extract of Gleditsia sinensis thorns (EEGS) resulted in significant growth inhibition together with G2/M-phase cell cycle arrest at a dose of 600 μg/ml (IC 50 ) in HCT116 cells. In addition, treatment with EEGS induced p27 expression and down-regulated expression of cyclins and cyclin-dependent kinases. Moreover, EEGS treatment induced phosphorylation of extracellular signal-regulated kinases (ERK), p38 MAP kinase and JNK (c-Jun N-terminal kinases). Among the pathways examined, only PD98059 (ERK-specific inhibitor) abolished EEGS-dependent p27 expression. Similarly, suppression of ERK function reversed EEGS-mediated cell proliferation inhibition and decreased cell cycle proteins. In addition, tumor necrosis factor-· (TNF-·)-induced matrix metalloproteinase-9 (MMP-9) expression was inhibited by EEGS treatment via decreased transcriptional activity of both activator protein-1 (AP-1) and nuclear factor-κB. Finally, EEGS treatment significantly reduced tumor sizes in HCT116 cell-xenografted tumor tissues, which was associated with the changed levels of ERK phosphorylation, p27 and MMP-9 expression. Overall, these results have identified a novel molecular mechanism for EEGS in the treatment of colon cancer and might provide a theoretical basis for the potential therapeutic use of EEGS in the treatment of malignancies.
Introduction
Colorectal cancer is one of the most common malignancies in the world (1) . Although intensive research during the past few years has led to considerable improvement in treatment and diagnosis at an early stage, the prognosis remains dire. In general, genetic defects, such as mutation in adenomatous polyposis coli (APC) and a loss in tumor suppressor gene p53, have been widely studied in colon cancer progression (2, 3) . Previous studies have shown that epigenetic alterations controlling tumor cell proliferation, apoptosis and migration are associated with colon cancer growth and progression (4) (5) (6) . Uncontrolled tumor cell proliferation activity is usually involved in aberrant cell-cycle progression (3) . The role of numerous molecular factors, including extracellular signalregulated kinases (ERK), matrix metalloproteinase-9 (MMP-9), nuclear factor-κB (NF-κB) and activator protein-1 (AP-1), have been implicated in the progression of colon cancer (4) (5) (6) (7) . These studies suggest that agents that could overcome these epigenetic defects could be potentially effective in controlling the growth of colon cancer. Recently, the use of medicinal plants in the development of anti-tumor agents in scientific and industrial communities has become a good chemo-preventive regimen with few side effects (8) .
Gleditsia sinensis, a perennial shrub, has been used in traditional medicine for the treatment of swelling, suppuration, carbuncle and skin diseases in oriental countries for years (9) . Some constituents of Gleditsia sinensis (stigmasterol, ellagic acid glycoside and lupine acid) have multiple pharmacological effects, such as anti-mutagenetic (10), anti-microbial (11) and anti-HIV activity (12) . Its crude extract showed anti-allergenic (13) and anti-inflammatory effects (14) . However, scientific evidence remains unclear for support of the anti-tumor effect of the extract of Gleditsia sinensis thorns, although the fruit extract of Gleditsia sinensis has been credited with tumor growth inhibition in several cell lines (15, 16) . The present study is the first report of the anti-tumor effect of Gleditsia sinensis thorns on a relevant pathway between the cell cycle regulation and signaling pathways involved in growth inhibition and MMP regulation in human colon cancer HCT116 cells in vitro. Moreover, in vivo efficacy of ethanol extract of Gleditsia sinensis thorns were examined, using a human colon cancer xenograft model.
Materials and methods
Materials. Polyclonal antibodies to cyclin B1, pCdc2, Cdc2, pCdc25c and Cdc25c were obtained from Santa Cruz (Santa Cruz, CA). Polyclonal antibodies to p21WAF1, p53, p27, ERK, phospho-ERK, p38 MAP kinase, phospho-p38 MAP kinase, JNK and phospho-JNK were obtained from New England Biolabs. PD98059, SP600125 and SB203580 were obtained from Calbiochem (San Diego, CA). A polyclonal antibody to MMP-9 was obtained from Chemicon.
Preparation of extract. Air-dried and crushed Gleditsia sinensis thorns (100 g) were added to ethanol and extraction was performed by heating at 100˚C. The extract was then concentrated with a rotary evaporator and lyophilized. The final extract, weighing 10 g (a collection rate of 10%), was diluted with saline solution.
Animal care. All mice were purchased from SLC Inc., Japan, and maintained for seven days prior to treatment. Animals were grouped for different types of treatments in a random manner and five mice per cage were housed in polycarbonate cages with hardwood bedding (JRS Lignocel FS-14, Jung Ang Lab Animal Inc., South Korea). Mice were fed freely Dyets of AIN-76A Rodent Purified Diet (Jung Ang Lab Animal Inc.). The animal rooms were maintained as follows: a 12-h light/dark fluorescent light cycle, a minimum of 10 room air changes per hour, 21-24 and 35-65˚C relative humidity. All animal experiments were performed in accordance with the Standard Operation Procedures of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee (IACUC) of the Laboratory Animal Research Center at Chungbuk National University (Approval number CBNURA-047-0902-01).
Cell cultures. The human colon cancer cell line HCT116 was obtained from the American Type Culture Collection. The cells were maintained in DMEM (4.5 g glucose/liter) supplemented with 10% fetal calf serum, L-glutamine and antibiotics (Biological Industries, Beit Haemek, Israel) at 37˚C in a 5% CO 2 humidified incubator.
Cell viability assay. Subconfluent, exponentially grown HCT116 cells in 24-well plates, were incubated with ethanol extract of Gleditsia sinensis thorns (EEGS) for various lengths of time. Cell viability was determined using a modification of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, which is based on the conversion of the tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2-tetrazolium to the formazan product by mitochondrial dehydrogenase (17) . The formazan product was quantified by measuring absorbance at 490 nm.
Apoptosis detection by ELISA. This method is based on the quantification of the enrichment of mono-and oligonucleosomes in the cytoplasm using a Cell Death Detection ELISA kit (Roche; Mannheim, Germany). Briefly, after treatment of cells with EEGS, the cells were lysed and centrifuged. The supernatant containing the cytoplasmic histone-associated DNA fragments was transferred to a microplate coated with streptavidin, and was then reacted with a mixture of the anti-histone antibodies labeled with biotin and anti-DNA antibodies coupled with peroxidase. The substrate of peroxidase was thereafter added and development of the color was read photometrically at 405 with 490 nm as the background. The specific enrichment of mono-and oligonucleosomes released into the cytoplasm was expressed as an enrichment factor compared with the control.
Cell cycle analysis (FACS).
Cells were harvested, fixed in 70% ethanol and stored at -20˚C. Cells then were washed twice with ice-cold PBS and incubated with RNase and the DNA intercalating dye, propidium iodide. Cell cycle phase analysis was performed using a Becton-Dickinson Facstar flow cytometer equipped with Becton-Dickinson cell fit software.
Immunoprecipitation and immunoblotting. Growth-arrested cells were treated with EEGS in the presence of 10% FBS for various durations at 37˚C. Cell lysates were prepared and immunoprecipitation and immunoblotting were performed, as previously described (17) .
Zymography. The conditioned medium was electrophoresed in a polyacrylamide gel containing gelatin at a concentration of 1 mg/ml. The gel was washed at room temperature for 2 h with 2.5% Triton X-100 and then at 37˚C overnight in a buffer containing 10 mM CaCl 2 , 150 mM NaCl and 50 mM Tris-HCl (pH 7.5). The gel was stained with 0.2% Coomassie blue and photographed on a light box. Proteolysis was detected as a white zone in a dark blue field.
Creation of MMP-9 promoter reporter construct. A 0.7-kb segment in the 5'-flanking region of the human MMP-9 gene was amplified by PCR using primers specific for the human MMP-9 gene (Accession No. D10051): 5'-ACATTTGCCCG AGCTCCTGAAG (forward/SacI) and 5'-AGGGGCTGCCA GAAGCTTATGGT (reverse/HindIII). The pGL2-Basic vector containing a polyadenylation signal upstream from the luciferase gene was used to construct the expression vectors by subcloning PCR-amplified DNA for the MMP-9 promoter into the SacI/HindIII site of the pGL2-Basic vector (18) . The size of the PCR products was confirmed by electrophoresis and by DNA sequencing.
Transient transfection. Each plasmid was transfected into cells using Superfect reagent (Qiagen, Valencia, CA) according to the manufacturer's instructions. Luciferase activity was measured using a luciferase assay system (Promega, Madison, WI) according to the manufacturer's instructions. Firefly luciferase activity was standardized to ß-galactosidase activity.
Nuclear extracts and electrophoretic mobility shift assay.
Nuclear extracts were essentially prepared as described elsewhere (18) . Cultured cells were collected by centrifugation, washed and suspended in a buffer containing 10 mM Hepes (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT and 0.5 mM PMSF. After 15 min on ice, the cells were vortexed in the presence of 0.5% nonidet NP-40. The nuclear pellet was then collected by centrifugation for 15 min at 4˚C and extracted in a buffer containing 20 mM Hepes (pH 7.9), 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT and 1 mM PMSF.
The nuclear extract (10-20 μg) was preincubated at 4˚C for 30 min with a 100-fold excess of an unlabeled oligonucleotide spanning the -79 MMP-9 cis element of interest. The sequences were as follows: AP-1, CTGACCCCTGAGT CAGCACTT; and NF-κB, CAGTGGAATTCCCCAGCC. The reaction mixture was then incubated at 4˚C for 20 min in a buffer [25 mM Hepes buffer (pH 7.9), 0.5 mM EDTA, 0.5 mM DTT, 0.05 M NaCl and 2.5% glycerol] with 2 μg of poly dI/dC and 5 fmol (2x10 4 cpm) of a Klenow end-labeled [ 32 P-ATP] 30-mer oligonucleotide, spanning the DNA-binding site of the MMP-9 promoter. The reaction mixture was electrophoresed at 4˚C in a 6% polyacrylamide gel using a TBE (89 mM Tris, 89 mM boric acid and 1 mM EDTA) running buffer. The gel was rinsed with water, dried and exposed overnight to X-ray film.
In vivo efficacy of EEGS on tumor growth using a xenograft mouse model. To determine in vivo anti-cancer efficacy of EEGS on tumor growth, a xenograft mouse model was established by implantation with human colon cancer cells, HCT116 (1x10 7 cells/mouse), to BABL/c nude mice. The experiment was composed of 6 test groups and 2 control groups. There were 10 mice per group. After the implantation of tumor cells into the mice, the nude mice were daily administrated various concentrations of Gleditsia sinensis extract by an oral injection. The body weights and the volume of tumor masses in the mice were measured every 2-3 days and the general body condition of the mice was also carefully observed daily. The negative control mice were injected with a saline solution and the mice in the positive control group were daily treated with 350 mg/kg of Xeloda, one of the best anti-cancer drugs (Roche, Switzerland) for 2 weeks, followed by 10 days of no treatment. At the end of experiment, the treated mice were euthanized to isolate tumor masses, which were then weighed. The final volume of each isolated tumor mass was also measured.
Statistical analysis.
Where appropriate, data were expressed as mean ± SE. Data were analyzed using factorial ANOVA and Fisher's least significant difference test where appropriate. Statistical significance was set at P<0.05.
Results

EEGS reduces the proliferation of human colon cancer HCT116 cells.
To examine the inhibitory effect of EEGS on the proliferation of colon cancer cells, HCT116 cells were incubated in the absence or presence of various concentrations of EEGS (0-1000 μg/ml) for 24 h. EEGS showed a significant inhibitory effect on the growth of HCT116 cells in a concentration-dependent manner (Fig. 1A) . The vehicle (ethanol) had no effect on the basal levels of cell viability (data not shown). In addition, we used an ELISA-based assay (see Materials and methods) to measure EEGS-induced apoptosis. As shown in Fig. 1B , using a quantitative assay, EEGS in high concentrations (>800 μg/ml) significantly increased the cytoplasmic DNA-histone complex in HCT116 cells.
EEGS-induced G2/M-phase cell cycle arrest.
To investigate whether the retarded cell growth was due to cell-cycle arrest, cell cycle analysis was performed by flow cytometry. After EEGS treatment for 24 h, HCT116 cells increased DNA content of the G2/M phase at the concentration of 600 μg/ml, as compared with the control ( Fig. 2A-E) . To determine the mechanisms underlying the G2/M arrest that were observed after addition of EEGS, we next applied the effect of EEGS treatment on the molecules involved in the G2/M phase of the cell cycle. As shown in Fig. 3A , EEGS treatment of cells strongly decreased the expression of pCdc25c (Ser216), Cdc25c, pCdc2 (Tyr15) and Cdc2 protein levels. Similar EEGS treatment also resulted in a strong decrease in cyclin B1 protein levels in HCT116 cells (Fig. 3A) .
EEGS-induced cell cycle arrest is associated with upregulation of p27.
Immunoblotting was performed to study the effect of EEGS on the cell cycle inhibitors, which were involved in cell cycle progression at the G2/M phase transition checkpoint (19) (20) (21) . Treatment of HCT116 cells with EEGS resulted in a significant dose-dependent induction of p27 compared with untreated cells (Fig. 3B ). However, EEGS had no effect on the induction of p21 and p53 tumor suppressor proteins, suggesting that it is likely that p21 and p53 were not involved in the EEGS-induced cell cycle arrest (Fig. 3B) .
Next, the effects of EEGS on the association between p27 and CDKs were examined. To assess the effect of EEGS on this protein-protein interaction, cell extracts were subjected to immunoprecipitation using anti-Cdc2 antibody. After SDS-PAGE and blotting, membranes were probed with anti-p27. In EEGS-treated cells, the level of Cdc2/p27 complex was increased (Fig. 3C) .
Effects of EEGS on ERK, JNK and p38 MAP kinase activation in HCT116 cells.
To determine whether MAP kinase activation including ERK1/2, JNK and p38 MAP kinase, was involved in EEGS-induced inhibition of cell growth, immunoblotting was performed. As shown in Fig. 4 , EEGS increased the amount of phosphorylated ERK1/2, JNK and p38 MAP kinase at 1, 3 and 6 h. Phosphorylation of the MAP kinases (ERK1/2, p38 MAPK and JNK) induced by EEGS was inhibited by specific kinase inhibitors, such as PD98059, SB203580 and SP600125 (data not shown). These results suggest that EEGS inhibits cell growth via activation of the ERK1/2, JNK and p38 MAP kinase pathways.
EEGS-induced p27 is blocked by PD98059, a specific inhibitor of ERK.
To confirm the role of MAP kinase in EEGS-induced p27 induction, immunoblotting was undertaken using MAP kinase-specific kinase inhibitors. As shown in Fig. 5A , the EEGS-induced increase in p27 expression was reduced to the control level by PD98059 treatment. However, SP600125 and SB203580 had no apparent effect on EEGS-induced p27 levels. In addition, the protein levels of Cdc25c and Cdc2 also were reversed after PD98059 treatment for 24 h (Fig. 5C) .
EEGS-induced cell growth inhibition is reversed by ERK inhibition.
To further investigate the involvement of ERK activation on EEGS-induced cell growth inhibition, we pretreated the cells with PD98059 and performed an MTT assay (Fig. 5B ). HCT116 cells were pretreated for 40 min with or without 40 μM PD98059, followed by treatment with 600 μg/ml EEGS in the presence of 10% serum. Treatment of HT116 cells with PD98059 abolished the EEGS-induced decrease of cell growth (Fig. 5B) . However, SB203580 and SP600125 had no effect on EEGS-induced cell growth inhibition (data not shown), suggesting that the ERK signaling pathway in HCT116 cells is involved in EEGS-induced cell growth inhibition.
EEGS inhibits TNF-·-induced MMP-9 expression via the decrease of NF-κB and AP-1 binding activities.
Gelatin zymography was performed to examine the effect of EEGS on MMP-9 expression induced by TNF-·. The results revealed that TNF-· treatment increased the MMP-9 levels in HCT116 cells (Fig. 6A) . Pretreatment of cells with EEGS significantly reduced TNF-·-induced MMP-9 secretion in a dose-dependent manner (Fig. 6A) . By contrast, constitutive MMP-2 expression causes no significant effect by either TNF-· or EEGS treatment (Fig. 6A) . Immunoblot analysis showed similar results in HCT116 cells (Fig. 6A) .
Next, promoter and gel-shift assays were used to clarify the mechanism by which EEGS is involved in the inhibition of MMP-9 expression. As shown in Fig. 6B , TNF-· treatment . EEGS-induced cell cycle arrest is associated with up-regulation of p27 in HCT116 cells via a p53-independent pathway. (A and B) 5637 cells were treated with naringin at the indicated concentrations and immunoblot analysis was performed with antibodies specific for cyclin B1, pCdc2, Cdc2, pCdc25c, and Cdc25c, p21WAF1, p27 and p53. The results from representative experiments were normalized to GAPDH expression. (C) Equal amounts of cell lysates were subjected to immunoprecipitation with anti-Cdc2. The immunoprecipitates were examined by SDS-PAGE. After electrophoresis, the samples were transferred to a nitrocellulose membrane, followed by immunoblot analysis with an anti-p27 antibody. The results from representative experiments were normalized to immunoprecipitated Cdc2 expression.
markedly induced MMP-9 promoter activity in HCT116 cells. Pretreatment of cells with EEGS inhibited TNF-·-induced MMP-9 promoter activity (Fig. 6B) . To determine whether EEGS suppresses TNF-·-induced MMP-9 expression through the regulation of transcription factors, a gel-shift assay was employed. As shown in Fig. 6C , TNF-· increased NF-κB and AP-1 binding activities in HCT116 cells. Pretreatment with EEGS inhibited TNF-·-stimulated binding to both the NF-κB and AP-1 motifs.
EEGS suppressed the in vivo growth of HCT116 cells.
To verify the anti-tumor effects of EEGS (20, 200 , 2000 mg/kg) in vivo, gavage feeding of it was begun with nude mice at day 6 after the xenograft implantation. As shown in Fig. 7A and B, for the mice treated with EEGS (20 mg/kg), the tumor volumes showed a 70% decrease as compared with the control. Compared with xeloda, in decreasing tumor volume, this effect showed an almost equivalent effect to that of a 20 mg/kg dose of EEGS (Fig. 7A and B) . In addition, EEGS showed no side effects such as weight loss. To investigate whether the inhibition of tumor growth in vivo is accompanied by EEGS biomarkers during molecular analysis, the protein lysates were extracted from tumor tissues in each group and immunoblot analyses were performed. The content of ERK activation and p27 expression was increased in the tumor isolated from the EEGS-treated mice (Fig. 7C) . In contrast, the expression of MMP-9 was down-regulated in the EEGS-treated tumor tissues.
Discussion
Although many anti-tumor agents have recently been developed and used, serious problems such as side effects and resistance must be overcome in the treatment of cancer (22) . The application of oriental medicinal herbs, which have rich sources of potential cancer chemopreventive and therapeutic ONCOLOGY REPORTS 22: 1505 -1512 , 2009 Figure 4. EEGS induced ERK1/2, JNK and p38 MAP kinase phosphorylation. HCT116 cells were treated with various EEGS at 1 h (A), 3 h (B) and 6 h (C). Then, cells were harvested, lysed and the phosphorylation levels of ERK1/2, JNK and p38 MAP kinase were detected by immunoblot analysis using antibodies phospho-specific for ERK1/2, JNK and p38 MAP kinase. Figure 5 . MEK1/2 inhibitor reversed p27 expression, decreased growth inhibition and G2/M-phase cell cycle-associated proteins by EEGS. (A and C) Cells were plated and were pre-incubated for 40 min in the absence or presence of PD98059 (40 μM), SB203580 (10 μM) and SP600125 (10 μM). Cells were then treated with 600 μg/ml EEGS, followed by immunoblot analysis performed with antibodies specific for p27, Cdc2 and Cdc25c. The results from representative experiments were normalized to GAPDH expression. (B) Cells were pretreated for 40 min with 40 μM PD98059 before treatment with 600 μg/ml EEGS at 24 h. MTT assay were determined as described under Materials and methods. Indicated values are means of triplicate wells. ** P<0.01 compared with EEGS treatment. Figure 6 . EEGS inhibits TNF-·-induced MMP-9 expression through decreased DNA binding activity of NF-κB or AP-1 in the MMP-9 promoter in HCT116 cells. After a 1-day period of nutrient deprivation, cells were pretreated for 30 min with EEGS at the indicated concentrations (μg/ml) prior to stimulation with or without TNF-· (100 ng/ml) for 24 h and then harvested. (A) The culture supernatants were analyzed zymographically for MMP activity. Similarly, immunoblot analysis was performed with antibodies specific for MMP-9. (B) Cells were transiently transfected with pGL2-MMP-9WT, which contained 710 bp of the 5'-promoter region of the MMP-9 gene and then were cultured with TNF-· (100 ng/ml) in the presence or absence of EEGS at the indicated concentrations. Luciferase activity was determined from cell lysates as described in Materials and methods. ** P<0.05 compared with TNF-· treatment. (C) Cells pretreated with the indicated concentrations of EEGS for 40 min in serum-free medium were incubated with TNF-· (100 ng/ml) for 24 h. After incubation, nuclear extracts were analyzed for activated NF-κB or AP-1 using EMSA with radiolabeled oligonucleotide probes. agents, has become necessary. Of these, various parts of Gleditsia sinensis have been evaluated in China and Korea for potential therapeutic effects (23) . The fruits and seeds of Gleditsia sinensis have primarily been used for treating apoplexy, headache, asthma and scabies (24) . On the other hand, the thorns are used for the treatment of carbuncle, scabies, suppurative skin diseases and anti-inflammatory effects (23) . However, the effect and mechanism responsible for anti-tumor treatment with the thorns of Gleditsia sinensis have not yet been fully clarified. To accomplish this, the present study included in vitro and in vivo experiments using ethanol extracts of Gleditsia sinensis thorns (EEGS) to evaluate its anti-tumor effect and mechanism.
Treatment of HCT116 cells with EEGS (400-1000 μg/ml) resulted in the inhibition of cell growth and increased cell death. The ability of chemopreventive or chemotherapeutic agents to inhibit the growth of cancer cells is linked with blocking the cell-cycle progression at the G2/M checkpoint. In general, the G2/M transition is regulated by a complex of cell-division cyclins, Cdc2 (CDK1) and a B-type cyclin (25) . Protein tyrosine phosphatase, cdc25C, plays the role of a mitotic activator by dephosphorylating cdc2/p34, which forms the Cdc2/Cyclin B1 complexes, thereby permitting cell entry into mitosis (20) . Results from studies showing various genetic and epigenetic alterations showed that cdc2/p34 kinase activity is enhanced in some human cancers (25, 26) . Consistently, EEGS treatment resulted in down-regulation of cdc25C, cdc2 and cyclin B1 expression in HT116 colon cancer cells. The results of the present study indicate that EEGS caused G2/M-phase cell cycle arrest together with a decrease in cyclinB1 and Cdc2, which are involved in cell cycle progression from the G2/M phase.
Members of the CDKI family of proteins (CDK inhibitors) regulate the kinase activity of CDK/cyclin complexes, and thereby restrict the G2/M-phase transition (19) (20) (21) . The important CDKI member p27 is known to be up-regulated by anti-proliferative signals (27) . The data demonstrate that an apparent increase in p27 appeared during the G2/M-phase arrest in HCT116 cells treated with EEGS. However, EEGS had no effect on the expression of p21 and p53 as determined by immunoblot analysis. These results suggest that accumulation of p27 induced by EEGS may also be responsible for G2/M-phase arrest in HCT116 cells. To the best of our knowledge, this is the first systematic study examining the involvement of each component of the CKI-cyclin-CDK machinery during EEGS-induced cell-cycle arrest.
MAPK signaling pathways play important roles in regulating the inhibition of cell growth (28) . The MAPK cascade consists of a core of three protein kinases such as ERK, p38 MAP kinase and JNK pathways (29) . To understand the early signal transduction pathways of EEGS, the potential involvement of the MAPK pathway was examined using ERK, p38 MAP kinase and JNK. Treatment with EEGS induced ERK, JNK and p38 MAP kinase phosphorylation. Previous studies have demonstrated that the MAPK pathway is closely associated with the inhibition of cell growth (28, 30) and/or cell cycle regulation (31, 32) . Because of EEGS-induced p27 expression, the role of MAPK in the regulation of p27 expression was investigated. To examine the crosslink between the MAPK signaling pathway and p27 regulation, pharmacological inhibitors, such as PD98059, SB203580 and SP600125, were employed. An unexpected noteworthy development in this study was that a significant reduction in EEGS-induced expression of p27 was accomplished only by PD98059 treatment. Treatment of cells with SB203580 and SP600125 had no effect on EEGS-induced p27 expression, under the same experimental conditions (Fig. 5A) , suggesting that activation of these two types of kinases is not required for EEGS-induced p27 expression, although EEGS induces both activation of p38 kinase and JNK. The blockade of ERK with PD98059 consistently abolished the EEGS-induced inhibition of cell proliferation and down-regulation of cell cycleassociated proteins, Cdc2 and Cdc25c. These data provide evidence that ERK is a key mediator of the EEGS-induced inhibition of cell growth. The ERK signaling pathway reportedly sends dual signals: a survival signal, and a signal inhibiting cell growth via suppression of the cell cycle progression (28, (30) (31) (32) (33) . The present study suggests that activation of ERK signaling is involved in the EEGS-induced inhibition of cell growth due to the induction of p27 in HCT116 cells. This study demonstrated the first evidence of an association between the ERK signaling pathway and regulation of p27 in the EEGS-induced inhibition of cell growth.
Matrix metalloproteinase-9 (MMP-9) is a zinc-dependent extracellular protease that regulates metastatic progression in colon cancer (34, 35) . Recent studies provide evidence that TNF-· enhances MMP-9 expression via activation of NF-κB in colon cancer cell lines (36) . Therefore, we further investigated the effects of the EEGS on MMP-9 regulation in HCT116 cells in response to TNF-·. In TNF-·-treated HCT116 cells, EEGS inhibited the TNF-·-stimulated MMP-9 expression at the protein level using both zymographic and immunoblot analyses. However, treatment with EEGS had no effect on the expression of MMP-2. Numerous studies have demonstrated that TNF-· enhanced transcriptional MMP-9 promoter activity through AP-1 and NF-κB in several cell lines (18, 37, 38) . In the same line with the zymography and immunoblot analyses, our data from the present study showed that EEGS effectively suppressed MMP-9 promoter activity. We next attempted to determine the effect of EEGS on the TNF-·-induced binding activities of AP-1 and NF-κB in MMP-9 expression in HCT116 cells. Cells treated with EEGS showed a marked decrease in both AP-1 and NF-κB binding activities in response to TNF-· in HCT116 cells. Theses results showed that inhibition of TNF-·-induced MMP-9 production in vitro by EEGS was directly linked to the decrease of both AP-1 and NF-κB binding activities in HCT116 cells.
Furthermore, EEGS effectively suppressed the growth of HCT116 cells implanted in mice. The present in vivo study also demonstrated that EEGS treatment resulted in the upregulation of ERK phosphorylation and p27 expression and decreased MMP-9 expression. Treatment with the highest doses of EEGS did not decrease body weight, in comparison with the control mice. However, additional studies are required to clearly elucidate the relationship between the molecular mechanism underlying apoptosis related to signaling cascades and animal study with EEGS.
In summary, results of the present study show that the inhibition of cell growth induced by EEGS appears to be linked to activation of ERK via p27-mediated G2/M-phase cell cycle arrest. In addition, EEGS potently inhibits TNF-·-induced MMP-9 expression by suppressing NF-κB and AP-1 binding activities. Finally, EEGS suppressed the in vivo growth of HCT116 cells, which was associated with changed levels of ERK, MMP-9 and p27 expression. These results suggest that EEGS can be effectively used in therapeutic application for the treatment of colon cancer, but further detailed in vivo study is needed to clarify the molecular mechanism of this effective EEGS compound.
